Reactive-ion-etched graphene nanoribbons on a hexagonal boron nitride substrate Appl. Phys. Lett. 101, 203103 (2012) Silicon nanocrystals prepared by plasma enhanced chemical vapor deposition: Importance of parasitic oxidation for third generation photovoltaic applications Appl. Phys. Lett. 101, 193103 (2012) A little ribbing: Flux starvation engineering for rippled indium tin oxide nanotree branches Appl. Phys. Lett. 101, 193101 (2012) Phase constitution and interface structure of nano-sized Ag-Cu/AlN multilayers: Experiment and ab initio modeling Appl. Phys. Lett. 101, 181602 (2012) Additional information on J. Appl. Phys. Nano-sized chromium oxide (Cr 2 O 3 ) was synthesized by sol-gel method and mixed with polyvinyl alcohol (PVA) to produce nanocomposite films. Scanning electron microscopy (SEM) was used to observe the morphology and dispersion of Cr 2 O 3 on the surface of the PVA films. X-ray diffraction (XRD) was performed on nano-sized Cr 2 O 3 , pure PVA, and Cr 2 O 3 /PVA composites. Based on the results of both XRD and high-resolution transmission electron microscopy (HR-TEM), the average particle size of the Cr 2 O 3 was % 46 nm. Differential scanning calorimetry (DSC) showed that the thermal stability and degree of crystallinity of the PVA were reinforced by the addition of Cr 2 O 3 nanoparticles. The absorbance and extinction coefficients of the composites were studied in the UV-vis range and compared with those of pure PVA. The optical energy band gap, E g , was calculated. Dielectric constant, e 0 , dielectric loss modulus, M 00 , and ac conductivity, r ac , of all samples were measured within temperature and frequency ranges of 300-468 K and 10 kHz-2 MHz, respectively. According to the frequency and temperature dependence of the dielectric loss modulus, M 00 , the observed a-relaxation peak was due to the micro-Brownian motion of the polymer main chains. The behavior of r ac (f) for the composite films indicated that the conduction mechanism was correlated barrier hopping (CBH). The results of this work were discussed and compared with those of previous studies of PVA composites. V C 2012 American Institute of Physics.
I. INTRODUCTION
Metal oxide nanoparticles have attracted increasing interest in the past decade due to their unique properties and wide applications. Many groups have focused on dispersing metal oxide nanoparticles into polymer matrix. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] It has been found that the physical properties of polymeric materials can be modified by metal oxide nanoparticles depending on the composition, metal oxide concentration, particle size, and dispersion homogeneity. Polyvinyl alcohol (PVA) has fascinating properties and a wide variety of applications because it has high dielectric strength and good charge storage capacity. Its optical as well as electrical properties depend on the type of doping filler. It has also gained increasing attention for biomedical applications. 11 PVA has a carbon chain backbone with hydroxyl groups, which can act as a source of hydrogen bonding to enhance the formation of polymer complexes. 12 Chromium oxide (Cr 2 O 3 ) nanoparticles are of interest for applications 13 such as green pigments, wear resistance, thermal protection, digital recording systems, and chemical catalysts.
Cr 2 O 3 nanoparticles have been prepared and characterized by many different researchers, [14] [15] [16] [17] [18] [19] with resulting particle sizes dependent on the method of preparation. The crystal structure of Cr 2 O 3 is rhombohedral with lattice parameters a ¼ 4.95876 Å , c ¼ 13.594 Å , and space symmetry group R 3c. 14, 16 PVA is a semi-crystalline polymer, and its crystalline index depends on the synthetic process and physical aging. 20 The crystalline nature of PVA results from the strong intermolecular interaction of PVA chains through intermolecular hydrogen bonding. Typically, its maximum intensity diffraction peak is observed at 2h ¼ 19. 8 corresponding to a d-spacing of 4.4801 Å for the (101) crystal plane. 21 Two other peaks are also found around 22.9 and 40.6 (Ref. 22 ). Different research groups have investigated the structure, optical, and dielectric properties of PVA containing different dopants. The x-ray diffraction (XRD) results of one such study have shown that the addition of (0.1, 0.3, or 0.5 wt.%) vanadium pentoxide (V 2 O 5 ) nanoparticles to PVA changed its crystallinity due to the interaction between vanadium ions and the OH groups of PVA. 6 A similar result was reported for nickel oxide/polyvinyl alcohol (NiO/PVA) nanocomposite films. 23 The crystallinity of PVA has been reported to increase for some compositions of zinc oxide/ polyvinyl alcohol (ZnO/PVA) films. 1 Barium chloride (BaCl 2 ) has a pronounced effect on the thermal, crystalline, and optical properties of PVA. 24 It was found that BaCl 2 increased the degree of crystallinity of PVA and behaved as a plasticizer. Graphite oxide nanoplatelets (GOnP) cause a significant increase in both the electrical conductivity and dielectric permittivity of PVA. 8 Furthermore, graphene (GE) based nanocomposites have been shown to improve the thermal stability, degree of crystallinity, and mechanical properties of PVA. 25 A study on the effect of V 2 O 5 nanoparticles on the dielectric properties of PVA has shown that the frequency dependence of the ac conductivity follows Jonscher universal dynamic law. 6 Titanium chloride (TiCl 3 ) also plays a)
Electronic addresses: arafahassen@yahoo.com and ash02@fayoum.edu.eg. an important role in the modification of the optical and dielectric properties of PVA. 26 In addition, the dichromate ion is responsible for heavy crosslinking in PVA matrix and is used quite extensively in lithographic plates. 27 From the previous studies, the physical properties of metal oxides and metal chloride doped PVA are interesting due to their varied applications. Although there are some reports on metal oxide nanoparticles-doped PVA, there is no a complete study of the effect of Cr 2 O 3 on both the optical and dielectric properties of PVA. In this work, we prepared Cr 2 O 3 nanoparticles to investigate their effect on the physical properties of PVA, and the results were compared with those of previous reports on similar metal oxide/PVA composites. It was found that the Cr 2 O 3 nanoparticles reinforced the thermal stability, improved the crystallinity, and enhanced both the optical absorbance and dielectric constant of the PVA matrix.
II. EXPERIMENTAL DETAILS
Chromium oxide (Cr 2 O 3 ) nanoparticles were synthesized by a sol-gel method. High purity chromium triacetate Cr(C 2 H 3 O 2 ) 3 and oxalic acid (C 2 H 2 O 4 ) were mixed in stoichiometric ratio and dissolved in double distilled (DD) water under a magnetic stirring for 2 h. The obtained sol was held in an oven at 100 C for 8 h, cooled to 70 C, and stirred to obtain a gel that was then aged for 18 h at room temperature. Finally, the gel was calcined at 400 C for 3 h to obtain Cr 2 O 3 nanoparticles. The synthesized nanoparticles were added in different x (wt.%; 0, 0.25, and 0.75) to PVA according to
where w f and w p represent the weights of Cr 2 O 3 and PVA polymer, respectively. The nanocomposite films were prepared by casting as follows: 2.0 g PVA (Avondale Laboratories, Banbury Oxon, England, average molecular weight of 17 000 GRG) was dissolved in 100 ml DD water at 90 C and stirred for 3 h. Cr 2 O 3 nanoparticles were added to the PVA solution under vigorous stirring to prevent any agglomeration. Finally, the aqueous mixtures were cast into Petri dishes and placed in an oven at 60 C for 24 h in air. The obtained nanocomposite films of pure PVA and PVA loaded with Cr 2 O 3 nanoparticles were then characterized.
High-resolution transmission electron microscopy (HR-TEM; JEM 2100, Jeol, Japan) was used to test the particle size of the as-synthesized Cr 2 O 3 . Scanning electron microscopy (SEM; Inspect S, FEI, Holland) images were taken for pure PVA and the nanocomposite films. XRD of all samples was performed using a PANalytical's X'Pert PRO. Optical characterization was carried out using a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer in the wavelength range 200-850 nm with an accuracy of 60.2 nm. Thermal analysis was carried out using a Shimadzu DSC-50 in the temperature range C with a heating rate of 10 C/min. Dielectric measurements were performed by using a Hioki (Ueda, Nagano, Japan) model 3532 High Tester LCR, with a capacitance measurement accuracy on the order of 0.0001 pF. The temperature was measured with a T-type thermocouple having an accuracy of 61 C. The dielectric constant e 0 of each sample was calculated as e 0 ¼ dC=e o A; where C is the capacitance, d is the thickness of the sample, e 0 is the permittivity of free space, and A is the cross-sectional area of the sample.
III. RESULTS AND DISCUSSION
A. Characterization HR-TEM images of the as-prepared Cr 2 O 3 nanoparticles were taken to determine their crystal size ( Fig. 1(a) ). It can be seen from Fig 16 -18 The peaks were indexed by a rhombohedral structure with space symmetry group R 3c and the lattice parameters, a ¼ 4.9577 Å , c ¼ 13.584 Å (JCPDS 84-1616), which were in good agreements with those observed in earlier studies.
14,16 From XRD, the particle size of the Cr 2 O 3 ranged from 20 to 77 nm with an average of D av ¼ 46 nm as given in Table I . It is noteworthy to mention that the average particle size deduced from XRD data was well consistent with that observed from HR-TEM. The observed maximum intensity diffraction peak of pure PVA was 2h ¼ 19.5 (see Fig. 2(d) ) which corresponded to a d spacing of 4.5501 Å and reflection plane (101), similar to that reported in Ref. 28 . Another small peak observed around 2h ¼ 40. 6 indicated the presence of the typical semicrystalline structure of PVA. 22 These two peaks were also observed for the composite samples in addition to other peaks at 2h ¼ 36. 25 and 54.89 which were due to the Cr 2 O 3 nanoparticles. Fig. 3 shows an expansion of the XRD patterns around the maximum peak of pure PVA and PVA containing Cr 2 O 3 nanoparticles. It is obvious that this peak shifted slightly to lower 2h with doping. The intensity of the PVA main diffraction peak was increased, may be due to the interaction between the OH groups of PVA and Cr 3þ ions. The average inter-crystallite separation (R) of the samples was calculated from the position of the maximum of the halo where h is the Bragg's angle, and k ¼ 1.5406 Å , the wavelength of the x-ray radiation used. The values of R are listed in Table I DSC was carried out to determine phase transitions such as glass transition (T g ), crystallization (T c ), and melting (T m ) temperatures of the samples. Fig. 4 shows the DSC heating runs to 350 C of pure PVA and PVA loaded with Cr 2 O 3 nanoparticles. Three endothermic peaks and one exothermic peak were distinguishable for pure PVA as indicated by arrows. The first peak observed at 50 C was due to T g of the a a -relaxation process resulting from micro-Brownian motion of the main chain backbone. 24 The second peak (T ac ), which was broad similar to that observed in Refs. 24 and 30, was attributed to the a c -relaxation associated with crystalline regions. 30 The third peak is located at 226 C due to the melting temperature T m . 20, 23, 30, 31 Furthermore, the exthothermic peak found at 311 C was due to the degradation process of the polymeric chains. 20 For the composite films, the first peak became broad and shifted to higher temperature. The second peak, T ac , was observed at 191 C and 189 C for 0.25, and 0.75 wt. % Cr 2 O 3 -doped PVA, respectively, while the third peak, T m , was found at 319 C for 0.25 wt. % Cr 2 O 3 -doped PVA, and it shifted to 317 C for the 0.75 wt. % doped sample. This means that T m shifts towards higher temperatures with Cr 2 O 3 addition to PVA. The observed change of T m or T ac in the present Cr 2 O 3 /PVA composites was similar to that found for other systems. 29, 30, 32 It is suggested that the loading of PVA with different amounts of Cr 2 O 3 reinforces its thermal stability, i.e., the PVA segments become more rigid with the incorporation of Cr 2 O 3 nanoparticles. The observed increase of T ac and T m indicated that the polymer chains were indeed constrained by hydrogen-bonding interaction. 25 On the basis of the melting enthalpy, DH m , the degree of crystallinity of pure PVA and the nanocomposite films were calculated as follows:
where DH 0 is the heat of fusion of 100% crystalline PVA (138.6 J/g) (Ref. 34 ) and X m is the weight fraction of PVA in the composites. The values of T m , DH m , and X c % are listed in Table II . It is worthwhile to mention that the deviation in the values of both DH m and X c % of pure PVA film from those reported in Refs. 24 and 35 can be explained according to the different synthetic process, physical aging, 20 purity, and average molecular weight of PVA used. Moreover, the crystallinity of the PVA was improved by the incorporation of Cr 2 O 3 nanoparticles similar to that previously reported for GE/PVA nanocomposites. 25 
D. Optical properties
The UV-vis absorption spectra of pure and Cr 2 O 3 -doped PVA are shown in Fig. 5(a) . As seen, the absorbance increased with addition of Cr 2 O 3 nanoparticles to the PVA matrix. An absorption band observed for pure PVA at 280 nm was assigned to p-p* transition. 24, 36 This band was enhanced in the spectra of the Cr 2 O 3 /PVA nanocomposites. A small hump around 468 nm was also observed for 0.75 wt. % Cr 2 O 3 -doped PVA. Such a hump may be attributed to the formation of charge transfer complexes. 37 To observe these absorption bands more clearly, the extinction coefficient (k) was calculated 38 and plotted versus the wavelength (k) in Fig. 5 
where a is the absorption coefficient, defined as the absorbance (A) per film thickness (d) i.e.,
It is noted that k increases with Cr 2 O 3 nanoparticles doping of PVA. These optical results give some light on the 
where c is an empirical index that is equal to 2 for indirect allowed transitions in the quantum mechanical sense, responsible for optical absorption, and b is a constant. The plot of (ah) 1/2 versus h at room temperature enables us to estimate E g by extrapolating the linear part of (ah) 1/2 to zero as shown in Fig. 6 . The value of E g for pure PVA was $5.1 eV in agreement with previous reports. 24, 26, 37 For the composites, E g was 4.95 and 4.78 eV for 0.25 and 0.75 wt. % of Cr 2 O 3 -doped PVA, respectively (Table II) . This decrease of E g with addition of Cr 2 O 3 to PVA may be attributed to increase the occurrence of the interaction between metal ions and the OH groups of PVA. 3 
E. Dielectric properties
Figs. 7(a)-7(c) represent the temperature dependence of the dielectric constant, e 0 , for pure PVA and PVA mixed with Cr 2 O 3 . It was found that e 0 decreased systemically with increasing frequency. Within the studied frequency range, a peak around T ac $ 368 K for pure PVA was identified as due to the crystalline region or a c -relaxation. This peak broadened with increasing frequency and shifted to higher T consistent with an earlier report. 20 By adding Cr 2 O 3 nanoparticles to the PVA matrix, the dielectric constant e' increased and this peak became sharp at f 50 kHz. The frequency dependence of the dielectric constant of pure PVA and PVA loaded with Cr 2 O 3 nanoparticles is illustrated in Figs. 8(a)-8(c) . As seen, e 0 decreased with increasing f. This observed decrease of e 0 with frequency for all samples at given temperatures may be attributed to a decreasing number of dipoles, which contribute to polarization or the dipole structure is no longer able to respond to the applied electric field. It is also worth notable that the magnitude of the frequency dispersion was dependent on the temperature, and the dielectric increment tended to become pronounced as the temperature approached T ac . Again, the dielectric constant increased with the incorporation of Cr 2 O 3 nanoparticles within the polymer matrix.
In polymer composites, interfacial polarizations are dominant due to the heterogeneity of these materials. To avoid the effect of electrode polarization, 41 the dielectric loss modulus is used to analyze the dielectric behavior of ionic polymers like PVA. The dielectric loss modulus M* is defined as
where M 0 is the real part and M 00 is the imaginary part calculated from e 0 and the dielectric losses, e 00 . To throw light on the relaxation phenomena of both pure PVA and the composite samples, Figs. 9(a)-9(c) show their frequency dependence of M 00 at different temperatures. There is a relaxation peak for all samples within the frequency range studied. This peak is due to the shift of a c -relaxation to high frequency with increasing temperature. 42, 43 The region where the peak occurs is evidence of the transition from long-range to short range mobility with increasing frequency. The lowfrequency side of the peak signifies the range of frequencies in which ions can perform successful hopping from one site to a neighboring site. The high frequency side of the M 00 peak represents the range of frequencies in which the ions are spatially confined to their potential wells.
The frequency, x c , at which the maximum of M 00 occurs, defines the conductivity relaxation time, where xs ¼ 1: The variation of the maximum was fitted to
where E ac is the activation energy for the relaxation process and s 0 is the high temperature limit of the relaxation time. A plot of ln(s) versus 1000/T is shown in Fig. 10 . The graph yields the values of E ac (see Table II ). E ac ¼ 0.62 eV for pure PVA, which agrees with that of previous works, 6, 42, 44 One can see from Table II that E ac increased with the dispersion of Cr 2 O 3 nanoparticles within the PVA matrix owing to the interaction between metal ions and OH of PVA main chains. 26 Figs. 11(a)-11(c) display the temperature dependence of M 00 for pure PVA and PVA containing 0.25 and 0.75 wt. % of Cr 2 O 3 nanoparticles at selected fixed frequencies. M 00 of pure PVA increased with frequency and exhibited two peaks. The first peak located at 50 C was due to the glass transition temperature, T g , or the amorphous a a -relaxation consistent with the DSC results. The second peak, T ac , was attributed to the crystalline part of the PVA, i.e., a c -relaxation. Both peaks are shifted to higher temperatures with increasing frequency. These peaks were also observed for the composite samples. These results indicated that the a-relaxation process split into a a and a c . This splitting can be explained according to the segmental motion in the amorphous and crystalline phases of PVA matrix, respectively.
A common feature of dielectric materials is frequency dependent conductivity, as given by the well known universal dynamic response 45, 46 r t ¼ r dc þ r ac ðxÞ;
where r dc is the dc (or low frequency) conductivity, r t is the total conductivity, s is the universal exponent, and B is a preexponential factor. The dc conductivity is subtracted from r t using the low frequency region and by extrapolating r t to the f!0. Figs. 12(a)-12(c) display the variation of the real part of the ac conductivity, r ac , of the investigated samples. A linear behavior was observed between log(r ac ) and log(f) within the frequency (10 kHz -1 MHz) and temperature (308-428 K) ranges studied. Also, r ac (x) increased with Cr 2 O 3 content, consistent with e 0 (T) and e 0 (f). The frequency dependence of the ac conductivity was found to be best fitted by Eq. (12) , yielding the values of s. The s value of pure PVA matched well with that in earlier reports. 6, 47 The values of s were less than unity (as seen in Table III and decreased with increasing temperature, in agreement with those observed for many hopping systems. 48, 49 This suggests that the correlated barrier hopping (CBH) was the dominant mechanism for the conduction.
IV. CONCLUSION
Cr 2 O 3 having an average particle size 46 nm was successfully prepared using a sol-gel method and loaded into pure PVA at 0.25 and 0.75 wt. %. SEM images showed that prepared films of pure PVA and PVA containing 0.25 and . The a-relaxation process was split into a a and a c . This splitting can be explained according to the segmental motion in the amorphous and crystalline phases of the PVA matrix, respectively. The frequency dependence of the ac conductivity revealed that the CBH was the most probable conduction mechanism for the investigated samples. Finally, the enhancement of the optical and thermal properties of PVA by the presence of Cr 2 O 3 loading may improve its performance in applications such as optical and/or thermal devices.
